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ABSTRACT OF RESEARCH
The production of artificial flavors with highly chemo-, reglO and stereo specific
compounds has become an important requirement in food industry. Production of artificial
flavors by chemical catalysis has been used previously in converting a reactant into a useful
product as a substitute to the natural sources. Alternatively, the chemical catalysis can be
replaced by biological reaction because of low percentage of enantiomeric excess and high cost
of downstream processing (extraction) in order to separate the desired end-product. Whole
microbial cells (baker's yeast type-II) which appli~d in this study have the advantages of in situ
redox cofactor regeneration which is necessary compared to when using free enzymes. However,
the whole-cell biotransformation is usually active in aqueous environment, but the substrate and
product involved are often hydrophobic, with very low solubility in aqueous media. To
overcome this constraint, biotransformation in a Continuous-Closed-Gas-Loop Bioreactor
(CCGLB) will be performed as it offers efficient mass transfer of substrate to biocatalyst and
substrate inhibition can be avoided during biotransformation.
ABSTRAK PENYELIDIKAN
Penghasilan perasa timan yang mempunyai sifat kemo, regio dan stereo spesifik yang
tinggi telah menjadi keutamaan dalam industri makanan kini. Penghasilan perasa tiruan melalui
kaedah kimia telah lama digunakan dalam menukarkan reaktan kepada produk yang berguna
sebagai satu alternatif kepada pengekstrakan daripada sumber asal. Tindakbalas kimia boleh
digantikan dengan tindakbalas secara biologi bagi mengatasi kadar peratus enantiomer yang
rendah dan juga kos yang tinggi bagi pengekstrakan produk berguna di akhir tindakbalas. Sel
(baker's yeast jenis-I1) yang digunakan dalam projek ini mempunyai kelebihan menghasilkan
kofaktor yang mana ianya diperlukan sekiranya enzim digunakan dalam tindakbalas. Namun
demikian, biotransformasi menggunakan sel kebiasaannya aktif di dalam media akuas
berbanding substrat dan produk yang bersifat hidrofobik (mempunyai keterlarutan yang rendah
di dalam media akuas). Untuk mengatasi kekangan ini, biotransformasi telah dijalankan di dalam
Bioreaktor Gelung-Gas-Tertutup Secara Berterusan. Melalui kaedah ini, pemindahan jisim
substrat kepada biokatalis lebih efisien dan perencatan substrat dapat dielakkan semasa
biotransformasi.
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1.0 INTRODUCTION
1.1 Aroma, Flavor and Fragrance Compounds
Aroma compounds in foods may originate from microbial, plant metabolisms or from animal
metabolisms. Monoterpene hydrocarbon is one of the sources of natural aroma. Monoterpene
hydrocarbon dominates in most essential oils. They are usually separated from the oils by
rectification because of low odor activity, high hydrophobicity and high tendency to autoxidize
and polymerize (Berger, 1995). Geraniol with an IUPAC name of 3, 7- dimetyhl-trans-2-6-
octandiene-I-ol is an acyclic monoterpene alcohol which consists of two isoprene units and has a
molecular formula of CIOH1SO. Geraniol is a trans-isomer while the cis-isomer of geraniol is
known as nerol. Pure geraniol is a colourless oily liquid, with rose-like scent and has a boiling
point of 230°C. It is insoluble in water but shows high solubility in alcohol, ether and most
common of organic solvents. The molecular structure of geraniol is shown in Figurel.l:
OH
Figure 1.1: Molecular structure of geraniol
Citronellol also known as dihydrogeraniol is a natural acyclic monoterpenoid. It has a molecular
formula of C lOH200 and the IUPAC name is 3, 7-dimethyloct-6-en-I-ol. The boiling point of
citronellol is 223°C. The molecular structure of citronellol is shown as below:
I
OR
Figure 1.2: Molecular structure of citronellol
Monoterpenes compounds have a great potential in flavor and fragrance industries as a source of
rose like aroma in perfumes, soaps, cosmetics and confectioneries such as sweets, chocolates and
cakes. Nowadays, artificial aroma has been used as a substitute of expensive natural extract. It
can be produced both with chemical synthesis and biosynthesis. All artificial aromas have been
considered as 'natural' aroma by American and European regulations if it obtained from natural
sources by either physical or fermentative processes (Berger, 1995).
1.2 Enzyme-catalyzed reaction versus chemical reaction
Chemical converSIOn has been long used in synthesis of many organic compounds
including flavor compounds. In food industry, the demand of artificial flavor as a substitute to
the original flavor has been increased years by years. As been proposed by Berger, 1995,
methods in extracting flavors via chemical synthesis include (l) extraction (oleoresins, ethanolic
percolates, concretes, absolues), (2) distillation (essential oils), (3) pressed oil (mainly citrus) and
(4) concentrates (mainly of fruit juices). The chemically pure compounds can be obtained by
repeating the above techniques, or by chromatography. However, the chemical synthesis route
results in a mixture of isomers (low percentage of enantiomeric excess, ee%) and a subsequent
separation were costly (Berger, 1995). Alternatively, artificial aroma with identical structure of
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natural aroma can be obtained by biosynthesis as it offers high enantiomeric purity compounds,
low maintenance cost and easy downstream separation process.
Enzyme catalyzed reaction have been known of its outstanding properties of chemo-,
region- and stereo specificity (Ward and Young, 1990; Speelmans et al., 1998; Zhao et al.,
1999). Reaction specificity refers to a restricted single reaction type where no side reaction
occurred during biotransformation (Kieslich, 1984). Regiospecificity gives indication of
substrate molecules to react at the same site of enzymes while stereospecificity indicates the
enzyme's preference to attack with one of enantiomers (R or S configuration) for the production
of enantiomerically pure compounds, thereby avoiding difficulties of resolving racemic mixtures
of compounds which often result by classical organic synthesis (Ward and Young, 1990;
Kieslich, 1984; Krieg et aI., 2000). The specific enantiomer obtained from biotransformation is
called chirality. The interest of specificity in chiral synthesis have increased for the past few
decades as a result of their use as chiral building blocks (intermediates) to produce other useful
compounds and widely used in the synthesis ofbioactive compounds (Krieg et al., 2000).
The conditions used for enzyme-catalyzed reaction comparatively mild, with temperature
between 30°C to 40°C at atmospheric pressure and pH nearly neutral. Because of these
properties, biotransformation provides a method to carry out reaction steps which can hardly be
accomplished by the conventional chemical conversion (Kieslich, 1984).
Berger (1995) in his book, Aroma Biotechnology reported the reduction of geraniol to
citronellol with both chemical and biological synthesis. The biocatalyst used is cells of citrus
lemon while chemical catalyst on the other hand requires free hydrogen gas at high pressure.
Both chemical and biochemical catalyst were able to differentiate the allylic and the nonallylic
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double bond of geraniol but biological synthesis seems to be more economical than the chemical
synthesis.
Another example of hydrogenation of nerol and geraniol to citronellol using chemical
synthesis has been studied by Roucoux and Mortreux in 1995. The synthesis was carried out by
homogeneous hydrogenation over amidophosphinephosphinite and diaminodiphosphine rhodium
complexes. The result showed that the optical yields of this system were very low with moderate
of enantiomeric excess (ee = 84% R and 80% S). In this study, benzene was used as a solvent. It
has been known as carcinogenic and harmful compound which can be avoided in biocatalysis.
The advantages of biotransformation over conventional chemical reaction described in
Table 1.1:
Biocatalytic reaction Chemical-catalyzed reaction
Long development time Quick development time
Mild reaction conditions (temperature, pressure, Poor operational stability (extreme
aqueous solution) conditions)
Highly regio, stereo and chemo selective but low High volumetric productivity but low
volumetric productivity product specificity
Environmental friendly High cost
Table 1.1: Difference between biocatalytic reaction and chemical-catalyzed reaction
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1.3 (Baker's yeast) Saccharomyces cerevisiae
Saccharomyces cerevisiae is a eukaryotic microorganism classified in the kingdom fungi
and yeast species. The scientific name of Scerevisiae derived from saccharon (sugar) and mykes
(fungus). Campbell, 1995 has described the yeast is a lower fungus and is characterized by either
short or nonexistent mycelia (a multinucleate mass of cytoplasm). Wainwright, 1992 in his book,
An Introduction of Fungal Biotechnology has described yeasts as the most frequently found in
nature in various sugar-rich fruits and have been used since antiquity in alcoholic fermentation
and bread making. The authors have considered that all baker's yeast, brewer's yeast, wine, sake
and champagne yeasts to be the strains of S cerevisiae (Berger, 1995).
S cerevisiae is a unicellular, round to ovoid shape and have 5-10 micrometres III
diameter, much larger than bacteria and characteristically reproduce asexually by budding off
daughter cells from a mother cell (Wainwright, 1992). As yeast species, S cerevisiae has a
simple nutritional need. They are chemo-organotrophs as they are unable to carry out
photosynthesis and require a reduced carbon sources such as hexose sugars like glucose,
disaccharides such as maltose or can be as simple as acetate. The usefulness of yeasts is based on
their ability to convert sugars and other carbon sources into ethanol and carbon dioxide in the
absence of air (anaerobic) and into carbon dioxide and water in the presence of air (aerobic).
Yeast is capable to convert sugar as it contains alcohol dehydrogenase (ADH) and the cofactor
NADH or NADPH (Grunwald et al., 1986) which located inside the cell.
The capability of yeast to catalyze asymmetric reduction of compounds containing a
carbonyl group or carbon-carbon double bond has been widely recognized a few decades ago
(Ward, 1990). In economic point of view, baker's yeast has attracted a wide attention as a
potential biocatalyst as it is inexpensive and easy to obtain (Ward, 1999; Duda et al., 1999; Ward
and Young, 1990). As reported by several researchers, baker's yeasts are genetically stable and
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very robust organism, easy to handle microorganism, no strict anaerobiosis, relative selective
culture conditions (low pH), well known physiology and provide high enantiomeric excess (ee)
(Ward, 1999).
1.4 Whole cell biotransformation
Biotransformation has been described as selective, enzymatic modifications of defined
pure compounds into fined final products which carried out either with pure cultures, or with
purified enzymes (Kieslich, 1984). According to Berger (1995), biotransformation involves a
single step reaction while bioconversion involves a multistep reaction.
Biotransformation can be catalyzed by different type of biocatalyst such as whole cell
(yeast, fungi and bacteria), isolated enzyme (lipase), plant tissue and animal tissue. Whole-cells
are employed as growing culture, as viable resting cells or in a nonviable form. Resting cells are
non-growing viable cells which the enzYmes activity of growing cells is retained with the
absence of nutrient fed during the reaction. Whole microbial cell (8. cerevisiae) has been chosen
due to the advantage of in situ redox cofactor regeneration and the availability of S. cerevisiae
(Ward and Nikolova, 1991; Doig et al., 1997; Csuk et al., 1989) while expensive cofactor is
required when dealing with isolated enzymes (Steinig et al., 2000).
The fundamental of enzymes catalyzed reactions are based on the specificity of enzymes
to catalyze specific reactions. The example of microorganisms with their specific potential in
biotransformation of volatile terpenes is shown overleaf:
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Microorganism
Prokaryotes
-Basillus
-Pseudomonas
- Streptomyces
Yeasts
-Candida, Hansenula
-Rhodutorula
-Saccharomyces
Higher fungi
-Alginomonas
-Aspergillus
-Mucor
-Penicillium
Type of reaction
-hydroxylation, diols, resolution of racemates
-all kind of oxidative degradation
-hydroxylations, epoxidation, cyclisation
- resolution of racemates, stereo-selective
reductions, formation of C-C bonds
-resolution of racemates, hydroxylations
-all kinds of oxidative degradation
-epoxidation, redox reactions
-redox reactions, hydroxylations
Table 1.2: Preferred microorganisms for the conversion of volatile terpenes
The whole-cell biotransformation has been applied by researchers in their works since
hundreds of years ago. The first whole cell biotransformation has been discovered by Pasteur in
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year 1858 where he used Peniccilium glaucum as biocatalyst for the production of tartaric acid
(Leon et al., 1998). Since then, a significant growth of the interest of whole-cell mediated
biotransformation in many chemical industries especially in pharmaceutical, fine chemical, food
and agrochemical industries has been reported (Leuenberger, 1990).
Limonene bioconversion mediated by Pseudomonas putida has been reported by
Speelmans and co-workers in 1998 because of its use as a chiral building block to produce higher
value compounds in foods and pharmaceuticals industries. Aspergillus niger have been used as
biocatalyst in the production of tobacco flavoring (Grivel et al., 1999) and biotransformation of
citral (Demyttenaere et al., 2000). The potential of A. niger to catalyze degradation of alcohol
has been proven in the study. The potential of Peniccilium digitatum of terpenes
biotransformation has been proposed by Demyttenaere and Kimpe (2001). High yield of product
was possible to obtain if long reaction time is carried out. A study on the production of flavoring
compound such as citral which imparts the characteristic lemon scent to plants like lemon grass
has been done by Muller and co-workers (2005) by using Z. mobilis. Biotransformation of 6,7-
epoxygeraniol have been carried out with R. glutinis, R. marina and S. cerevisiae. 6,7-
epoxynerol produced with the use of R. glutinis and 6,7-epoxycitronellol produced with S.
cerevisiae showed cells are very specific to only one type of reaction.
Propenylbenzenes have a potential as a starting materials for synthesizing varIOUS
products with applications as food preservatives and flavors. Propenylbenzenes are usually toxic
for most microorganisms. However, study on the synthesis of propenylbenzenes, e.g eugenol and
isoeugenol has successfully carried out with the presence of microorganism, Syzygium
aromaticum to produce vanillin (Xu et al., 2007). Table 1.3 described the typical flavors
produced by microbial biotransformation.
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Compound Odour or taste Substrates Biocatalyst
Ferulic acid Serratia
Vanillin Vanilla Eugenol Amycolatopsis
Isoeugenol Pseudomonas
Benzaldehyde Cherry L-Phenylalanine Ischnoderma
Candida
1-Decalactone Peaches Ricinoleic acid Yarrowia
Sporobolimyces
Saccharomyces
2-Phenylethanol Rose-like L-Phenylalanine
Kluyveromyces
Gluconobacter
Carboxylic acids Sour Carboxylic alcohol
Acetobacter
Table 1.3: Typical flavors produced by microbial biotransformation
Both growing and non-growing whole microbial cell biotransformation can be carried
out. Growing cell biotransformation is always referred as fermentation which carried out
simultaneously with biotransformation while non-growing cell or resting cell biotransformation
does not involved fermentation. The optimum conditions of both growing and non-growing such
as temperature and pH are different due to the fact that the conditions of cell growth are different
with biotransformation conditions. Non-growing biotransformation needs phosphate buffer and
glucose as biomedium while growing cells needs nutrients such as amino acid, nitrogen and
glucose.
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Biotransformations using whole cells as biocatalyst generally involve the diffusion of the
substrate(s) from the bulk extracellular phase to the cell surface, transport across the cell
membrane, conversion in the intracellular phase, and the transport of the product(s) out of the
cell (Zhao et at., 1999). The system is usually active in aqueous environment. However, the
substrates and products involved are hydrophobic which have low solubility in aqueous solution
(Steinig et al., 2000; Collins and Daugulis, 1996). Productivity is completely low with this
system and therefore, many researchers have turning their attention to other alternative
biotransformation system such as two-phase organic system, packed bed reactor, membrane type
reactor, immobilization and gas phase biotransformation.
1.5 Whole-cell Immobilization
Immobilization of cells is the attachment of cells or their inclusion in distinct solids phase
that permits exchange of substrates and products but at the same time they separate the catalytic
cell biomass from the bulk phase containing substrates and products. Yeast immobilized on
hydrophobic microporous supports yields higher activity than on hydrophilic supports.
Immobilization always been applied in organic solvent-based system since it can further protect
cells from solvent toxicity. Other advantages of immobilization include the possibility of
biocatalyst recycling thus lower downstream processing costs, more resistance towards heat and
easier realization for continuous production. However, there are also some disadvantages found
for immobilization such as loss of absolute activity due to mass transfer limitation and additional
costs for carrier or immobilization matrix. Therefore, selection of any methodology of
immobilization should be examined.
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1.5.1 Methods of Immobilization
The key issues involved in enzyme/cell immobilization include the way to retain the
enzyme/cell activity and to produce immobilized enzyme/cell system which is stable under the
conditions in which they are to be used. Thus, the selection of immobilization methods should be
considered. The most common immobilization methods can be classified into four categories
which are adsorption, covalent binding, entrapping and cross-linking. The figures of these
methods are shown below. Note that 'E 'represents the enzymes/cells.
A. Entrapment method
B. Carrier binding method C. Adsorption method
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D. Cross linking method
Figure 1.3: Common immobilization methods
The first three classes involve the use of solid matrix to entrap the enzymes/cells and to
confer the desirable mechanical properties of the solid carrier (Figure 1.3 A-C). The cross-
linking method (Figure 1.3 D) entails covalent linking of the enzymes/cells to itself with no
additional support. Each of covalent methods requires one or more covalent bonds between
reactive groups on the enzyme/cell surface with complementary groups on the carrier. Covalent
attachment methods result in chemical modification of the enzyme/cell molecule. Adsorption
method is based on formation of an enzyme/cell carrier binding through simple physical
attachment or by electrostatic attraction, hydrogen bonds and Van der Waals interaction.
Each of these four immobilization methods has several advantages and disadvantages as
summarized in Table 1.4 below:
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Immobilization
Method
Adsorption
Covalent
Advantages
Simple
No chemical modification of cell
Reversible
Often inexpensive
Tight binding
Disadvantages .
Weak binding
Non specific binding
May limit mass transfer
Chemical modification of
enzyme
Wide variety of supports and
linkers available Often expensive
Rational control of cell loading, Activity interrupted by
distribution and carner
microenvironment
Entrapment
Cross-linking
Efficient for whole cells
Can be simple
No carrier required
Tight binding
Efficient for whole cells
Little stabilization
Mass transfer limited
Requires crystallization of
enzyme
May limit mass transfer
Table 1.4: A comparison of immobilization methods
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1.5.2 Consequences ofImmobilization
The activity of enzyme/cell in bulk and immobilization matrix is quite different. This is
due to differences in. enzyme/cell structure and the surrounding condition at these two conditions.
In environment of a soluble enzyme/cell, the physical conditions such as pH, ionic
strength and substrate concentration are essentially identical to those in the bulk of the solution
(Figure 1.4). However, with immobilized enzyme/cell, micro-environment partition effects can
occur due to the repulsion or attraction of molecules in micro-environment which can be
attributed to the charge of the support. Furthermore, there is diffusion limited of molecules in
and out of the micro-environment.
An alteration in enzyme/cell structure may occur by applying immobilization. The
change is because of the inherent strong interaction between the enzyme/cell molecule and the
support. Covalent binding between enzyme/cell and support may cause chemical modification
and inaccessible active site. Conversely, the chemical modification of an enzyme molecule can
sometimes give extra protection against denaturation of enzyme/cell. This tends to enhance the
stability of the enzyme/cell.
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be quite different to that
found in the bulk phase
Figure 1.4: Micro-environment that can be formed upon immobilization of enzyme/cell
1.6 Gas Phase Biotransformation
Solid-gas biocatalysis has been identified as one of the most promising approached to
overcome the limitation in liquid phase biocatalysis where substrate has low solubility in
aqueous medium. The process is characterized by the fact that enzyme/cell is in solid form and
the reactants are in the gaseous form. In a solid/gas system, gaseous substrate can be transformed
by solid biocatalyst forming gaseous product. There are several advantages involving this kind of
reaction which include: (i) problems of solubility with substrates and products do not exist, (ii)
enzymes and cofactors are more stable, (iii) recovery of biocatalyst is simplified for both batch
and continuous reactors; and (iv) diffusion in the gas phase is more efficient than in solution and
thus, mass transfer are more efficient.
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2.0 MATERIALS AND METHODS
2.1 Biological and Chemical Material
Microorganism
Saccharomyces cerevisiae (Baker's yeast Type-II) was purchased from Sigma Co. or Aldrich
(USA) will be used as a source of biocatalyst in this study.
Chemicals
Peptone, yeast extract, glucose, geraniol, citronellol (standard), glucose assay, hexadecane
(solvent), Amberlite, Celite and Eupergit C were purchased from Sigma Co. or Aldrich (USA).
Pottasium dihydrogen phosphate (40mM) was obtained from Acros Chemical Co. (USA).
Hydrochloric acid (lM), Pottasium hydroxide (1M) and deionized water were obtained in house.
2.2 Methods and procedures
Growing cell medium
Peptone (6g/L), yeast extract (3g/L), glucose (lOg/L), deionized water
Non-growing cell medium (Phosphate buffer)
Pottasium dihydrogen phosphate (KH2P04), 40mM and 10g/L glucose at pH 7
Sterilization
Shake flask was sterilized in autoclave for 20 minutes at 121°C.
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Dry cell weight measurement
Sample (lmL) was removed from fermentation broth, placed in eppendorf tube 1.5mL (known
weight). The sample then centrifuged at 6000rpm for 10 minutes. After removal of supernatant,
the tube will be dried overnight in oven at temperature 80°C and weighed. Duplicate
determinations have been carried out.
Immobilization
Cells was immobilized with support by adding 10g/L baker's yeast and 10g/L support in 100mL
phosphate buffer (40mM). The mixture of cell and support then shaked in incubator shaker
(150rpm) at desired temperature and the immobilization has been carried out for 24 hours.
Gas Chromatography
Both pure geraniol and citronellol must be analyzed with gas chromatography in order to obtain
a standard curve (calibration curve). A particular column should be used for this analysis (Nukol,
(0.53 mm inner diameter, 25 m long and 0.5J.un film thickness) SGE, U.K). This is connected to
the flame ionization detector (FID).
Temperature programmed was 4 minutes at 115°C and then increase with the rate of 30
°C/minute up to 220°C for 2 minutes. (Suggested temperature programme based on Uzir and
Stuckey, 2001).
Fermentation kinetics analysis
The kinetic analysis of cell growth, substrate utilization and product formation will be measured.
The maximum specific of growth rate (Ilmax), doubling time (to) and yield coefficient (Yx/s,
Yp/x) will also investigated.
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Procedures
This section will be divided into three parts as follows:
(i) Liquid phase biotransformation using free cell S. cerevisiae (Growing and non-growing
cell)
(ii) Liquid phase biotransformation using immobilized S. cerevisiae (Growing cell)
(iii)Gas phase biotransformation in packed bed reactor
2.2.1 Biotransformation in liquid phase using free cell of S. cerevisiae (Growing and non-
growing cell)
A number of experiments have been carried out for both growing and non-growing cell. The
effect of parameters such as medium temperature, initial pH solution and initial concentration of
geraniol (substrate) has been studied. Reaction was executed in incubator shaker turning at 150
rpm. Periodically, 1ml aliquots were withdrawn from shake flask. The samples were transferred
into eppendorf tube and an amount of 0.5mL hexadecane was following added. The solution was
mixed together using vortex mixer for 10 second then centrifuged in micro centrifuge at
6000rpm for 10 minutes. 80 JlL of supernatant from the centrifuged solution was taken out and
analyzed using gas chromatography.
2.2.2 Biotransformation in liquid phase using immobilized S. cerevisiae
The effect of initial pH solution and different type of supports towards geraniol
biotransformation has been studied. Supports used were celite, eupergit C, amberlite XAD-7HP,
and amberlite XAD-1180.
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2.2.3 Gas phase biotransformation (packed bed bioreactor)
A bioreactor composed of a 20 em-long glass tube in which 109 of S.cerevisiae (baker's yeast)
provided with certain percentage of moisture were packed between two layers of glass wool.
Substrate (gas phase) with flow rate of 500cm3/min was fed continuously through the bioreactor,
reacting with the baker's yeast. The gas leaving the bioreactor is dissolved in hexadecane at 16°C
and for every 30 minutes, the solvent containing unknown concentration of gaseous was sampled
and analyzed using gas chromatography. The work is repeated using variable parameters such as
temperature, water activity and amount ofyeast loading to be studied.
19
3.0 RESULTS AND DISCUSSION
3.1 Biotransformation in liquid phase using free cell of S. cerevisiae (growing cell)
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Figure 3.1: Biotransformation of 1 giL geraniol during S. cerevisiae fermentation
Figure 3.1 shows the result obtained for the biotransformation of geraniol during S.
cerevisiae fermentation. After 30 minutes, 0.11 gil of citronellol was already detected. The
amounts of citronellol increased constantly along the reaction; simultaneously with the growth of
yeast. The growth of yeast cell increased rapidly for approximately for the first 40 minutes. After
that, the growth rate became slower until the end of the reaction. Average of23% of geraniol has
been converted to citronellol in 2 hours reaction.
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Figure 3.2: Biotransformation of3 giL geraniol during S. cerevisiae fermentation
As we can see in Figure 3.2, along the reaction, amount of citronellollinearly increased
from zero to 1.10 giL. Yeast growth is slightly increased in 30 minutes. After 50 minutes, the
amount of yeast detected decreased from 1.23 gil to 1.16 gil but it raised back to 1.31 giL after 1
hour. The growth of yeast is steady until end of reaction. To produce 1.10 giL citronellol, 1 giL
of geraniol has been reacted.
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Figure 3.3: Biotransformation of 5 giL geraniol during S. cerevisiae fermentation
From Figure 3.3, the biotransformation rate for 5giL geraniol was slower than previous
parameter. This may be due to the inhibition of yeast growth. Yeast cell detected decreased from
1.15 giL to 0.5 giL after 1 hour fermentation. From data given, it shows that only 0.5 giL
geraniol has been degraded while 1.35 giL citronellol has been produced in 2 hours reaction.
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Figure 3.4: Biotransformation of 8 giL geraniol during S. cerevisiae fermentation
From Figure 3.4, yeast inhibition also occurred after approximately 65 minutes of
reaction. From the beginning of the reaction, it can be observed that the growth of yeast is also
not as rapid as while using 1 giL of geraniol. The behavior of citronellol production was almost
the same as using 5 giL of substrate. From the data obtained, 2.1 giL of geraniol has been used to
form 1.25 giL of citronellol at the end of reaction.
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Figure 3.5: Production of citronellol at various initial concentration of geraniol
Figure 3.5 shows the combination for all data plotted for the production of citronellol at
different initial concentration of geraniol. When using I, 3 and 5 giL as initial concentration of
geraniol, it is clearly shown that with higher amount of initial concentration of substrate used,
higher yield was produced. However, the condition changed when 8 giL of geraniol is used
Amount of citronellol produced is only 1.25 giL. It differ approximately 0.1 giL of citronellol
produced when using 5 giL of geraniol.
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Figure 3.6: Rate of reaction at different initial concentration of geraniol
From graph shows above, the optimum rate of reaction occurred at 5giL of geraniol. With
adding more geraniol, inhibition of yeast happened and caused of low yield.
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3.1.2 Biotransformation in liquid phase using free cell ofS. cerevisiae (non-growing cell)
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Figure 3.7: Biotransformation of 1 giL geraniol in phosphate buffer
Figure 3.7 shows the result for citronellol production with 1 giL initial concentration of
geraniol. For the first 15 minutes, a rapid increase of citronellol has been plotted. In 30 minutes,
0.2 giL of citronellol was detected. The amounts of citronellol increased constantly along the
reaction; simultaneously with the growth of yeast. The amount of yeast kept constant along the
reaction. Average of25% of geraniol has been converted to produce 0.36 giL of citronellol.
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Figure 3.8: Biotransformation of 3 giL geraniol in phosphate buffer
From Figure 3.8, a higher production rate is detected. The product formation kept
increasing rapidly at certain time of reaction. Amount of yeast are constant for 2 hours. From the
data obtained, only 0.5 giL geraniol has been degraded to form 1.15 giL of citronellol at the end
of reaction.
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Figure 3.9: Biotransformation of 5g/L geraniol in phosphate buffer
As we can see in Figure 3.9, there is a rapid change in product formation for 20 minutes
(approximately 0.6 giL citronellol produced). Then, the rate becomes slower and linearly
increased to form 1.45 giL of citronellol after 2 hours. If we look at the plot of concentration of
yeast, it shows that amount of yeast is slightly decreased after 75 minutes of reaction from 0.49
to 0.3 until the end. About 0.65 giL of geraniol has been transformed.
28
• I • •I I .1:"". .. - .. ~ • ... 4
20 40 60 80 100 120 140
Time (min)
-+-Geraniol -ll-Citronellal •. S. Cerevisiae
Figure 3.10: Biotransformation of 8g1L geraniol in phosphate buffer
From Figure 3.10, yeast inhibition also occurred after approximately 65 minutes of
reaction. From the graph, it shows that 0.85 giL of geraniol has been transformed while only 1.3
giL citronellol has been produced in 2 hours time. The amount of citronellol produced is lower
than the amount produced for 5 gIL of geraniol as initial concentration.
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Figure 3.11: Production of citronellol at various initial concentration of geraniol using non-
growing S. cerevisiae
Figure 3.11 shows the combination for all data plotted for the production of citronellol at
different initial concentration of geraniol using non-growing S. cerevisiae. Same as Figure 3.7,
the same condition occurred. Inhibition of yeast caused lower product formation. However,
higher yield of citronellol was determined. By using 1 giL geraniol, 0.36 giL citronellol
produced compared to 0.31 giL produced by using growing S. cerevisiae. The highest amount of
citronellol produced is 1.45 giL (using 5 giL of geraniol) differ about 0.1 giL of citronellol
produced by using growing cell.
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Figure 3.12: Rate of reaction at different concentration of geraniol using non-growing S.
cerevisiae
From graph shows above, the optimum rate of reaction occurred at 5giL of geraniol. With
adding more geraniol, inhibition of yeast happened and caused of low yield.
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3.1.3 Biotransformation Using Different Amount of Yeast (Growing and non-growing)
Data from the experiments are shown in appendices while Figure 3.14 and 3.15 shows the
relationship between the productions of citronellol at different yeast concentrations. All reactions
were carried out for 2 hours.
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Figure 3.14: Biotransformation of 1 giL geraniol at different concentration of growing
S. cerevisiae
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Figure 3.15: Biotransformation of 1 giL geraniol at different concentration ofnon-growing
S. cerevisiae
From figure 3.14, citronellol yield increases slightly from time to time. By using 2g/L
yeast, more citronellol was produced. However, between 70 to 105 minutes, it is clearly shown
that production of citronellol using 2 giL yeast is lower than by using 1 gil yeast. In the other
hand, from Figure 3.15, citronellol increases rapidly at the first 20 minutes of non growing cell.
Then, the plot of product yields increased in slower rate until 2 hours of reaction; but still by
using 2 giL of biocatalyst contributed to higher productivity.
If biodegradation of geraniol occur in nutrient exists, geraniol will compete among
themselves either to grow or biotransform. This situation contributes to lower amount of
citronellol yields. Therefore, to get higher product of citronellol, it is best to conduct non
growing biotransformation and it is experimentally approved as shown in results above.
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An increase in the substrate concentration tends to increase the product concentration. At
low substrate concentration, there are a few of active sites that are occupied by the cells.
Therefore, small amounts of products will be produced as well. This will cause low reaction rate.
When more substrates molecules are added, more cells-substrate complexes can be formed and
this lead to higher amounts of substrate transformed to product.
From this observation, it seems that, there is no reaction inhibition at initial substrate
concentration of 1 and 3 gil. This can be explained due to active sites of cells were not saturated
yet with substrates at this concentration. However, when 5 and 8g1l of substrate were used, yeast
inhibition occurred. Inhibition of cell growth may be the result of altered membranes with the
symptomatic loss of cellular potassium. The antifungal activity of geraniol resides with its ability
to disrupt membrane layer structures of biocatalyst and therefore, cellular processes. From this
phenomenon, it can be concluded that the substrate concentration become a limiting factor in the
reaction.
3.2 Biotransformation of geraniol using immobilized S. cerevisiae
3.2.1 Effect of pH
The effect of initial pH solution on the biotransformation was studied over various ranges
of pH's, included pH 7 and pH 9 respectively. Figure 3.16 till 3.19 show plot of product
concentration versus time at these conditions.
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Figure 3.16: Effect of pH on the amount of citronellol produced; 2 giL geraniol, 1Og/L yeast, 30
giL Eupergit e, 30 giL glucose, 30De, 150rpm shaking speed for 24 hr immobilization
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Figure 3.17: Effect of pH on the amount ofcitronellol produced; 2 giL geraniol,lOgiL yeast, 30
giL Celite, 30 giL glucose, 30°C, 150 rpm shaking speed, for 24 hr immobilization
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Figure 3.18: Effect ofpH on the amount of citronellol produced; 2 giL geraniol,1OgiL yeast, 30
giL Amberlite XAD7HP, 30 giL glucose, 30°C, 150 rpm shaking speed for 24 hr immobilization
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Figure 3.19: Effect of pH on the amount of citronellol produced; 2 giL geraniol,10glL yeast, 30
giL Amberlite XAD-1180, 30 giL glucose, 30°C, 150 rpm shaking speed for 24 hr
immobilization
From the graphs obtained, it shows that pH affected the biotransformation reaction.
Various pH's would influence the amount of product. Obviously, it seems that there was a
variation of citronellol produced under different pH conditions. Therefore, it can be concluded
that pH is one ofparameter that influenced the production of citronellol.
Figure 3.16 shows citronellol produced against versus reaction time at pH 7 and pH 9
respectively using Eupergit C. For pH 7, the product started to produce at 15 minutes increased
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linearly until 60 minutes, 0.07562 giL. Then, amount of yield was almost steady state till 180
minutes with 0.08243 giL. Highest amount of product was indicated at 240 minutes with
concentration of 0.1047 giL. Whereas; under pH 9 condition, citronellol was produced from the
beginning and increased till 75 minutes with 0.17775 giL. It increased slightly until 240 minutes
with amount of 0.1895 giL with approximately increased 6.6%. The maximum concentration
product was observed at 240 minutes with amount of 0.1895 giL. Compared to pH 7 condition, it
can demonstrated that concentration of citronellol at pH 9 is higher than pH 7 significantly.
Figure 3.17 shows the effect of pH's (pH 7, pH 9) towards geraniol biotransformation
using support (Celite) as support. As indicated in the Figure 3.17, it was observed that the curve
shapes were almost identical. The concentration of citronellol at pH 7 was produced and
increased gradually till 0.0878 giL for the first 15 minutes. There was a slowly raised of the
product concentration from 15 minutes till 120 minutes with 0.1033 giL and 0.1453 giL
respectively. There was noted that increasing 41 % of product. Finally, citronellol production
decreased slowly at the end of the reaction with amount of 0.0710 giL. The initial concentration
of product for pH 9 slightly increased from beginning until 0.1035 giL at 15 minutes. There was
slightly increased from 15 minutes till 120 minutes with 0.1482 giL. The percentage of product
was increased about 43% between 15 minutes till 120 minutes. At last it can be review that the
yield was produced steady state with 0.1534 giL at the end of reaction. The optimum condition
was 0.1534 giL at 140 minutes, higher than amount of pH 7.
From Figure 3.18, concentration of product versus time with pH 7 and pH 9 using
support, Arnberlite XAD 7HP was observed respectively. It was observed that no product
obtained under condition of pH 7. For pH 9, it can be seen that product of citronellol begin to
produce at 75 minutes until 90 minutes with amount of 0.08196 giL. There was a slight
increasing in amount of citronellol produced within the first 90 minutes before it increased
sharply during 90 minute to 120 minute to give a maximum of citronellol of 0.08209g1L. The
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interesting observation from this curve was that the concentration ofproduct decreased gradually
until at 240 minutes, 0.06497 giL. Thus, it reviewed that the reaction under pH 9 was better than
pH 7. This is due to the fact that there was product formation under condition of pH 9 while no
product produced at pH 7.
Figure 3.19 indicated the result of citronellol production versus time by using Amberlite
XAD-1180 as support at pH 7 and pH 9 respectively. It was noted that no product formation for
pH 7 and pH 9.
Hence, it is shown that the activity of cells can be affected by variations of pH's. The
interesting observation from Figure 3.16 and Figure 3.19 were that biocatalyst performed
adequately in the pH 9 compared to pH 7. It also reported that cells unable survive under certain
pH condition as can be shown in Figure 3.18. There was no product formation at pH 7 condition.
Even though cellular active site contained various acidic or basic amino acid residues, the
intracellular pH of the biocatalyst would have been maintained at an approximately constant
value. Nevertheless, specific activity was extremely affected by pH of the external biomedium.
Throughout the biotransformation experiments the amount of citronellol at pH 9 solution was
higher than pH 7 solution. It is fulfilled the report published by De Souza Pereira (1995). He
observed that baker's yeast was a better reducer of nicotinamide cofactors in alkaline conditions.
Nicotinamide was known as niacinamide and nicotinic acid amide. It was also a water soluble
vitamin and is part of vitamin B group. Besides, there was due to the activity of membrane
bound ATPase proton pump. In an acid surrounding, ATPase was required for pumping to
exclude them in order to maintain the intracellular pH constant by the influx ofprotons into cells.
ATPase pump proton was a class of enzyme that catalyzed the decomposition of adenosine
triphosphate (ATP) into AMP. At the same time, the rate of glycolysis was control by the ratio of
ATP/AMP through its influence on phosphofructokinase, a kinase enzyme which acted as upon
fructose-6-phosphate. High concentrations of AMP can caused the rate of glycolysis increased
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whilst ATP reverses this effect because of high concentration of ATP can inhibit the enzyme.
Therefore, it was prerequisite the rate of glycolysis should be increased at the acid condition in
order to regenerate the ATP consumed. Hence, the flux of glucose-6-phosphate would be
reduced through the pentose phosphate pathway. Reduction of glucose-6-phosphate directly
decreasing NADPH and influence the product formation because of NADPH was a power for
biosynthetic reactions. It cleared that concentration of NAPH decreased with decreasing
concentration of citronello!.
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3.2.2 Effect of Support
In this section, the effect of supports (Celite, Eupergit C, Amberlite XAD7HP and
Amberlite XAD-1180) on the biotransformation process was discussed. The process for all runs
was maintained at 2g1L geraniol, 30°C, 150 rpm shaking speed and 240 minutes reaction time.
These reactions were executed under condition of pH 7 and pH 9 respectively. Figure 3.20 and
Figure 3.21 show the product concentration versus time at these conditions.
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Figure 3.20: Effect of support at pH 7 solution on the amount of citronellol produced; 2 giL
geraniol,10glL yeast, 30 giL supports, 30 giL glucose, 30°C, 150 rpm shaking speed, 24 hr
immobilization.
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Figure 3.21: Effect of support at pH 9 on the amount of citronellol produced; 2g1L geraniol,
lOgiL yeast, 30 giL supports, 30 giL glucose, 30°C, 150rpm shaking speed, 24 hr immobilization
The conditions in Figure 3.20 and 3.21 were described before at section 3.16 to 3.19. No
product produced for support of Amberlite XAD7HP and Amberlite XAD-1180 under condition
of pH 7. The maximum product obtained by Celite with concentration of 0.1453 giL which
shown in Figure 3.20.
Figure 3.21 indicates the maximum citronellol produced under reaction of Celite was
0.1532 giL at 240 minutes while for Eupergit C and Al11berlite XAD7HP were 0.1895 giL at 240
minutes, 0.8209 giL around 90 to 120 minutes respectively. No product formation for Amberlite
XAD-1180 at the end of reaction. The result reviewed that maximum concentration produced on
the biotransformation using Eupergit C under condition of pH 9. This is due to Eupergit C can
produced product 24% more than Celite.
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Function of supports was used for entrapment of cells in the form of spherical beads,
blocks and membrane. When cells were immobilized in these supports, there was no substantial
production of citronellol probably due to cell dealth caused by the thermal shock. One of the
principles for cell immobilization causes the biocatalyst be rendered more stable to withstand
harsh operating condition, it means that can inhibit effect of high temperature and other
condition that favor the loss of catalytic activity to lead life of biocatalyst can be increased.
Maybe type of Amberlite was not suitable at this condition especially for Amberlite type of
XAD-1180.
Apart from this, most of supports are porous, so the diffusion of the substrate through the
pores of the support may also play some rules in the biotransformation process. The internal
diffusion process depends on the shape of the particle, pore size distribution, shape of pore, size
pore, and effective diffusivity. Particle size of Amberlite XAD7HP and Amberlite XAD-1180
are 250-850Jlm and 200-710 Jlm respectively, larger than Celite (44 Jlm) and Eupergit C (100-
250Jlm). Very large of pore size could lead the cell cannot to fit the support in the catalysis
process and causes product obtained are less. The Figure 3.20 indicated the Celite was
satisfactory than Eupergit C to produce citronellol. This perhaps due to type of Celite more high
stabilization and more fit to substrate at such condition as well.
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3.2.3 Rate of Reaction at different type of supports.
0.01
........
c
'E 0.008
-J
--~ 0.006 L--------------
o
:;::;
o
m0.004
L..
'+-
o
"* 0.002 L_----::::~c::::::-===-------~
0::
-+- Eupergit C
___ Celite
-A-- Amberlite XAD7HP
~AmberlileXAD1180
1098
0'JiC'--------.-------~~-----~
7
pH
Figure 3.22: Rate of reaction at different pH condition and type of supports
The Figure 3.22 shows the rate of reaction for four types of supports under condition pH 7
and pH 9. An increase in initial pH solution gives an increase in the rate of reaction. It could be
observed that the kinetic of cell growth is at optimum pH 9 compared to pH 7 for each type of
support. Reaction rate for Eupergict C, Celite, Amberlite XAD7HP and Amberlite XAD1180 at
initial solution of pH 7 were 0.0017 g/Lmin, 0.0059 g/Lmin, 0 g/Lmin and 0 g/Lmin
respectively. Geraniol has been successfully immobilized on many types of supports, such as
Eupergit C, Celite, Amberlite XAD7HP and Amberlite XAD1180.
Meanwhile, reaction rate under condition of pH 9 for Eupergit C, Celite, Amberlite
XAD7HP and Amberlite XAD1180 were 0.0027 g/Lmin, 0.0069 g/Lmin, 0.0055 g/Lmin and 0
respectively. The results show the geraniol immobilized Celite exhibits better operational
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stability than that of other. Thus, the Celite is chosen as a suitable adsorbent for geraniol in this
work.
3.3 Gas phase biotransformation in packed bed bioreactor
In order to study the dried baker's yeast behavior as a source of biocatalysis, the
biotransformation of geraniol into citronellol with hexadecane as an organic solvent was
implemented as the model. Several experiments were carried out in 10 hours using different
parameters which include; temperature, water activity of the yeast and the amount of the yeast
used in the reaction.
3.3.1 Effect of temperature on baker's yeast in the gas phase
Recent studies have shown that the initial reaction rate of a bioconversion varies with the
reactor's temperature (Goubet et at. 2002). However, consequent to the increase in reaction rate
as well as the temperature, the longevity of the biocatalyst decrease. Hence, to determine the
effect of temperature on the thermal stability and activity of baker's yeast in gas phase, a couple
of experiments were performed with temperatures of 30°C and 40°C in 10 hours which yield the
graph as shown below.
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Figure 3.23: The effect of temperature at 30D C on the concentration of substrate and product
yield. The amount of yeast = 10 g, water activity = 10% (for lOgwaterlgcells)
From the graph above, we can see that the accumulation of the substrate in the solvent is
much higher compare to the product yield. Citronellol concentration is only observed beginning
from the 400 minute onwards.
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Figure 3.24: The effect of temperature at 40°C on the substrate consumed and product formation.
The amount of yeast = 109, water activity = 10% (for 10gwaterlgcells)
Similar to the Figure 3.23, Figures 3.24 also shows that despite the increase of the
substrate accumulation in the solvent, the product yield is much smaller. Citronellol
concentration is observed beginning from the 400 minute onwards. These results are due to the
rate of diffusion of the substrate into the cells which is higher compared to the diffusion of the
product out of the cells. The cell wall could be one of the reasons as well as the slow evaporation
rate of the product from the cells. These phenomena of mass transfer limitations can be explained
using Figure 3.25;
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Figure 3.26: The amount of citronellol produced at different temperatures
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From the figure above, it is noticed that the product yield at 40°C temperature is much
smaller than at T = 30°C. An observation made from the experiment include, for higher
temperature, geraniol tends to change its color from colorless into pale yellow. This change of
behavior might lead to the change in its chemical properties, making its condition not suitable for
the reaction. Besides the cause of substrate, as stated previously, the increase in temperature
mainly affects the yeast itself in terms of the period of the reaction. Henceforth, the optimal
temperature for the biotransformation is 30°C. This temperature was also used to test the effect
of water activity on the whole cells activity.
3.3.2 Effect of water activity
The effect of hydration on protein structure has been well documented in literatures. It is
generally accepted that protein hydration is essential for enzyme catalysis to occur and that dry
enzymes are inactive (Dunn & Daniel, 2004). In most of the experiments conducted by Dunn co-
workers (2004), they have showed that the increase of hydration will enhance enzyme activity
for the gas-phase substrates in which the reaction is not limited by diffusion.
On the other hand, in the case ofbaker's yeast is definitely diffusion limiting as discussed
previously, the effect of water activity will be studied in order to determine the optimum
condition for better production of citronello!. The results of the parameters varies from 5%, 10%,
20% and 50% are illustrated on the graphs.
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Figure 3.26: The effect of 5% of water activity on the gas phase system. The amount of yeast
(lOg), temperature (300e).
Figure 3.26 shows that the production of citronellol starts at minutes of 360. It indicated
only a small increase of concentration of citronellol, despite the high accumulation of geraniol.
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Figure 3.27: The effect of20% of water activity on the gas phase system. The amount of yeast
(lOg), temperature (30DC)
Meanwhile, the graph representing 20% of water content shows quite a high yield of
product compare to the previous condition. The graph shape is quite similar to the result from
10% water activity, 10 g yeast and 30DC temperature at figure 3.23.
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Figure 3.28: The effect of50% ofwater activity on the gas phase system. The amount of yeast
(lOg), temperature (30°C)
The figure above denotes that, although the water activity is increased, the production
rate remains fairly constant. This is because the trend of graph observed between the 10%, 20%
and 50% water activity are almost the same.
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Figure 3.29: Amount of citronellol produced at different water activity
From figure 3.29, it can be seen that the difference made by the variation of 5% water
activity is less than half of the other three parameters which give a resemblance to each other.
This is supported by the studies made by Goubet et ai. (2002) that the critical water activity for
dried baker's yeast system is 0.05 gwater!gcell which equals to 5% water activity. Meanwhile, the
maximum water activity observed at 11% of the same case and that any increase of the
percentage above this value, the baker's yeast activity will remain constant.
Nevertheless, a good production rate can also result in some drawbacks. According to
Goubet et ai. (2002), the increase in water activity will affect the stability of baker's yeast and
lead to cell inactivation. Hence, for the system under investigation, although the water activity of
20% and 50% shows significance increment in the citronellol produced, the best moisture
condition preferred is 10% and this value will be used for the next parameter.
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3.3.3 Effect of amount of yeast
The effect of yeast amount on biotransfonnation was also studied as it represents the
amount of the enzyme from the cells. The experiment was carried out using 10% water activity
at 30°C using different amount of beds of yeast which are 109, 20g and 30g and the results are
shown below:
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Figure 3.30: The effect of20g of baker's yeast in gas phase system. The water activity (10%),
temperature (30°C)
The citronellol fonnation shows a value starting at the minutes of 360. The graph then
increased constantly until the end of the experiment.
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Figure 3.31: The effect of 30g of baker's yeast in gas phase system. The water activity (10%),
temperature (30°C)
Although the quantity of the enzyme is increased, the product yield is still low. The
accumulation of the substrate still higher compare to the citronellol produced.
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Figure 3.32: Amount of citronellol produced at different amount of yeast
From the figure above, it can be concluded that an increase of amount of yeast would
result in a slight increase of citronellol formation, although the enzymes catalyzing the reaction
are twice of the original amount, the increase of the production rate is not that high. This is due
to the constant flow rate which would probably lead to high pressure drop throughout the
bioreactor which caused by the increase of the bed of yeast where biotransformation occurs. This
phenomenon that can be expressed as flow resistance might contribute to the low concentration
of substrate and product at the end of the line. Figure 3.33 describes more about the case.
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Figure 3.33: Effect of the amount of bed on the pressure drop and flow resistance ofthe
bioreactor
Other than that, the driving force of the substrates into the cell will result to a diffusion
limiting (inter-cell and intra-cell) and the low evaporation rate of product from the cell.
Therefore, it results to small production of citronello!.
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3.3.4 Rate of reaction for different parameter of the biotransformation
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Figure 3.34: Rate of reaction during variation of temperature
The above figure shows the reaction rate of the system at different temperature. The rate
at T = 40°C is far lower than the rate of reaction carried out in room temperature which is 30°C.
This might due to the sensitivity of geraniol to high temperature that will cause the substrate to
experience changes in its original properties.
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Figure 3.35: Rate of reaction at various water activities
Figure 3.35 indicated that the highest rate of reaction is at 10% water activity or water
content. It shows that at this state, the yeast will catalyzes the reaction at an optimum condition
of 10 gwater/gcells. The low reaction rate at the condition with 20% water activity might be due to
situation where cell starts to grow at higher water content. These will cause the cells to compete
with each other whether on growth or biotrasforming the substrates. Meanwhile at 50% water
activity, stabilization occurs and cells begin forming product. However, this condition will still
affect the cells catalyzing the reaction.
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Figure 3.36: Rate of reaction at different amount of yeast
From figure 3.36, the reaction rate shows a slight drop at amount of cells = 20g yeast.
Unlike the study reviews, this nonlinearity of the graph might be due to internal factor of the
bioreactor such as the occurrence of flow resistance in higher volume of bed.
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4.0 CONCLUSIONS
The following conclusions can be described as bellow:
1. Baker's yeast, Saccharomyces cerevisiae is proven has potential used as biocatalyst in
biotransformation for asymmetric reduction of geraniol to citronellol for both liquid and
gas biotransformation.
2. pH, temperature, type of support, type of cell (growing and non-growing) and amount of
yeast has affect the rate of reaction in liquid phase biotransformation.
3. Different type of support gave different rate of reaction due to different pore size.
4. Temperature, water activity and amount of yeast in packed bed reactor have affected the
rate of reaction in gas phase biotransformation.
5. The flow resistance caused by the constant flow rate and the increasing volume of bed
results in a small production rate of citronello!.
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ABSTRACT
A number of parameters that governed the biotransformation of geraniol using free and immobilized
cells of S. cerevisiae in a single phase system were investigated. The influences of pH, substrate
concentration and type of supports on the production of citronellol were studied during the work. The
optimum pH for free and immobilized cells biotransformation was det~rmined at 7.6 and 9,
respectively. Substrate concentration as high as 5g/L did not shows any inhibition for both free and
immobilized cells biotransformation. The best support was observed to be Celite 545 to give the
highest conversion of geraniol. The immobilization technique has shown a good impact to the
biotransformation since it gives a better yield compared to the free cells biotransformation.
INTRODUCTION
Biotransformation is one of the most important fields in biotechnology as it offers high
enantioselectivity product in mild reaction conditions (Ward and Young, 1990; Zhao et al., 1999).
Whole cells and isolated enzymes have been extensively used as biocatalysts in various
biotransformation reactions. In this work, whole cell of baker's yeast type-IT will be used. The
utilization of baker's yeast as a redox biocatalyst in redox reaction has long been applied in the
alcoholic fermentation (Grunwald et al., 1986). It is well known that baker's yeast provides good
capacity as biocatalyst because of its availability, inexpensive and the addition of cofactor can be
avoided since it can be regenerated within the cells (Doig et al., 1997; Rogelio et al., 2007). The
addition of expensive nicotinamide cofactor, NADH or NADPH can increase the production cost,
especially in a continuous process, thus, the price ofproduct will become extremely expensive (Steinig
et al., 2001).
Yeast mediated reaction has widely used in biotransformation of monoterpenes containing
double bond for the production of flavour and fragrance compounds (Ward, 1990). One of the
monoterpenes that can be produced through biotransformation route using baker's yeast is citronellol
from its substrate, geraniol. Citronellol is an important compound in flavour and fragrance industries
as a source of rose like aroma. The scheme of geraniol reduction is shown in Figure 1. Whole cells of
bilker's yeast produce enzyme called alcohol dehydogenase (ADH) during growth. This enzyme is the
main component that gives an asymmetric carbon to geraniol reduction reaction. Apart from that,
NADP(H), the reduced form ofthe cofactor is used to provide the reaction reduction potential.
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OH
Geraniol
NADPH+W~
Baker's yeast
~ OH
Citronellol
FIGURE 1: Model biotransfonnation system: Reduction ofgeraniol to citronellol by baker's yeast
type-II.
The main drawback associated from free cells biotransformation is that the biocatalyst cannot be
continuously recycled and it becomes crucial for a continuous process. Over the past few decades, the
interest of immobilization technique has been popular within the biotransfonnation field in order to
overcome this limitation (Gui Yin et al., 2006). Immobilization is dermed as an attachment of cells or
their inclusion onto a distinct solid phase that permits exchange of substrates and products but at the
same time they separate the catalytic cell biomass from the bulk phase containing substrates and
products. Immobilization can be mainly categorized into several different techniques which include
enzyme coupling to a carrier via adsorption, covalent bonding and cross-linking of enzymes to
themselves and entrapment of enzyme in gel/polymer. In this investigation, adsorption technique will
be applied. The principle ofadsorption technique is that the cells tend to be adsorbed on the surface of
the immobilization matrix.
Four type of supports used in this study were from porous and non-porous types with different
pore sizes where the effect ofthe immobilization on the yeast stability will be observed. The objective
of this study is to fmd the best support for yeast immobilization via adsorptive technique and to
compare the perfonnance of free and immobilized cells for geraniol biotransfonnation. The effect of
pH solution, initial concentration of substrate and different types of supports were systematically
studied.
MATERIALS AND METHODS
Microorganism
Saccharomyces cerevisiae (baker's yeast type-II) was purchased from Sigma Co. or Aldrich (USA)
will be used as a source ofbiocatalyst in this study.
Chemicals
The pure compounds of geraniol and citronellol as well as solvent (hexadecane) were purchased from
Aldrich Chemical Company. All compounds were of the highest purity commercially available. Celite
545, Eupergit C, Amberlite XAD1l80 and Amberlite XAD7HP were also obtained from similar
company unless otherwise stated.
Phosphate buffer
Phosphate buffer (40mM) containing potassium dihydrogen phosphate and 10g/L glucose was
prepared in house as proposed by Doig et al., 1997.
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Immobilization ofyeast cells
An amount of 10g/L dried yeast and 10gIL supports was suspended in 100mL phosphate buffer
(40mM). Incubation was carried out at 30°C at 150 rpm shaking speed for 1 hour.
Biotransfonnation ofgeraniol to citronellol using free cells/immobilized cells
100mL ofphosphate buffer solution in conical flasks with 10g/L ofdried yeast or immobilized yeasts
(section 2.4) were placed in the incubator shaker. respectively. 2g/L geraniol (substrate) was added
into the conical flasks and reaction was executed in incubator shaker at 30°C and 150 rpm.
Periodically. 1mL aliquots were withdrawn from shake flasks. The samples were transferred into
eppendorftube (1.5mL) and an amount ofO.5mL hexadecane was following added. The solution was
mixed using vortex mixer for 10 second then centrifuged in micro centrifuge at 6000rpm for 10
minutes. 80 pL of supernatant from the centrifuged solution was taken out. Concentration of geraniol
and citronellol was analyzed using gas chromatography.
Analytical methods
The concentrations of geraniol and citronellol were detennined using a gas chromatography. equipped
with Nukol column. 15m x 0.25mm x O.25J.1m film thickness. The system was equipped with flame
ionization detector (Fill). Helium was used as carrier gas in all injections. The temperature was
programmed for 4 minutes at IISoC. and increased at a rate of30°C/minute up to 220°C for 2 minutes.
For the quantification of geraniol and citronellol. 1J.1L of the organic phase was injected directly into
the GC. The concentrations ofboth substrate geraniol and product citronellol were calculated against a
known standard ofeach compound.
RESULTS AND DISCUSSION
Effect ofpH
The effect ofpH to the biotransfonnation of geraniol using free and immobilized cells ofS. cerevisiae
was observed by monitoring the concentration ofcitronellol produced in I hour ofreaction time. Slope
of the graph obtained was then calculated, which indicates the rate of reaction. The biotransfonnation
was carried out in solution with pH in a range of 5 to 10. As shown in Figure 2. there is a variation of
optimum pH for both free cells and immobilized cells. For free cell biotransfonnation. the optimum
pH was observed at 7.6. However. the optimum pH for immobilized cells biotransfonnation was at an
alkaline pH of9.
The effect of pH on the microbial growth has long been discussed in the literature. Yeast and
fungi can tolerate at lower pH. and often can reach the optimum range between 4 and 5. Even though
the biotransfonnation was carried out using the whole cell of yeast, however. the result is rather
parallel to the cited literature. This is due to the variation of the optimum conditions for yeast growth
as well as biotransfonnation (Steinig et al.• 2001).
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FIGURE 2: Effect ofpH on rate ofreaction
Apparently, in Figure 2, there was no substrate being transformed at pH 5, thus, the rate of
reaction becomes zero. At low pH, the level of NADP reduction decreased as a result from the
reduction of glucose-6-phosphate following the pentose phosphate pathway. This was later increased
the rate of glycolysis through the glycolytic pathway for the regeneration of consumed ATP. At the
extreme pH of 10, product formation was less but yet, it is still not convincing since there was a
sudden decreased of reaction rate. From here, it can be deduced that the immobilization technique is
significantly affecting the optimum pH for geraniol biotransformation. The graph also shows that by
applying the technique, higher rate of reaction can be obtained. This might be due to the protective
effect provided by the support to the cells in microenvironment, thus, increase the stability ofthe cells.
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FIGURE 3: Effect of substrate concentration on rate ofreaction
Figure 3 indicates the effect of substrate concentration towards the rate of reaction for both free and
immobilized cells biotransformation system. Based on the experimental results, it clearly shows that
the increase of the substrate concentration, tends to increase the product concentration. At low
substrate concentration, there are a few active sites that are occupied by the substrate. Therefore, a
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small amount of products will be produced as well. This will result in a low reaction rate. When more
molecules of substrates are added, more cells-substrate complexes can be formed and this lead to a
higher amount ofsubstrate transformed into product.
From this obsetvation, it seems that, there is no substrate inhibition at the substrate
concentration as high as 5g/L. This is due to the unsaturated active sites of enzymes within the cells at
this concentration and no alteration ofcells has also occurred.
Effect ofdifferent types ofsupports
0.14 ~
...
J..
..!§ 0.12
c:
.g 0.1
l!
1: 0.08
QI - (elite 454~
o 0.06 ~ -.Eupergit (
Col
;g 0.04 -.-Amberlite XAD1180
! -.-Amberlite7HPe 0.02
....
V o ~.- ~ ~~-~._~-~~-,---~--~~- -~-.-~-~-..----.~-,------->
o 10 20 30
Time (min)
40 50 60
FIGURE 4: Citronellol concentration versus reaction time
For biotransformation using immobilized cells, the effect of different types of supports was further
investigated at an optimum pH of9. From Figure 4, it can be seen that the production ofcitronellol has
tremendously increased by applying Celite 545 as a support. The other three supports seem to give
moderate production yield. Generally, this result can be explained by the different properties of
supports used. Celite 545 is a porous material, has a particle size of 125.3llm and has hydrophobic
surface. Conversely, Eupergit C is a non-porous material and has a particle size of lOO-2501lm while
the Amberlite type of supports has particle size of 20-60 mesh with hydrophobic surface. Yeast
immobilized on hydrophobic porous supports may allow for more favourable partition and diffusion
conditions thus, yields a higher activity then hydrophilic supports since the substrate used was also in
hydrophobic form. However, there is a variation in result obtained for both hydrophobic surface
supports, Celite 545 and Amberlite. One of the reasons could be, the use of larger pore size of Celite
545 which apparently made it possible for cells to grow inside the pores and therefore provide some
protective effects.
CONCLUSION
Immobilization shows a convincing technique to increase the product yield. Immobilized cells tend to
increase the stability of yeast in term of pH where the optimum pH of immobilized cell
biotransformation has switched to an alkaline condition, pH 9. Type of supports should be taken into
account in order to obtain a maximum product. For biotransformation of geraniol, the best support
found was Celite 545. Hence, this method can be applied to other hydrophobic substrate and it is also
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promising to apply the immobilized cells in a continuous process. However, the substrate inhibition
cannot be sought out since both free and immobilized cells show no inhibition at substrate as high as
5g/l. Therefore, further investigation on the effect ofthis parameter should be carried out
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